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7RDYRLG WKHVHGLVDGYDQWDJHVQDWXUDOO\DYDLODEOHFOD\FDQEHXVHGDVDOLTXLGGHVLFFDQWFDUULHULQDYHUWLFDOSDFNHG
GHVLFFDQW FROXPQ+HDW DQGPDVV WUDQVIHUPRGHOLQJ RI GHVLFFDQWV EHGV ZLWK D QXPHULFDO DSSURDFK QHHGV D SULRU
NQRZOHGJHRI WKH WKHUPRSK\VLFDOSURSHUWLHV 7KH WKHUPDOSURSHUWLHVSURYLGHDPRUHFRPSUHKHQVLYHGDWDEDVHRQ
WKHUPRSK\VLFDOSURSHUWLHVRIFOD\LQEXLOGLQJFRQVWUXFWLRQDQGSRWPDNLQJLQGXVWULHV$VDFRQVHTXHQFHWKLVZRUN
UHSRUWV WKHPHDVXUHPHQWRI WKHUPDOGLIIXVLYLW\ WKHUPDOFRQGXFWLYLW\VSHFLILFKHDWDQGGHQVLW\RI OLTXLGGHVLFFDQW
FDUULHU FOD\ DW ODERUDWRU\ FRQGLWLRQV &RQVLGHUDEOH HIIRUWV KDYH EHHQ PDGH LQ WKH SDVW WR GHYHORS WHFKQLTXHV WR
PHDVXUH WKHUPDO SURSHUWLHV RI URFNV 5DSLG WUDQVLHQW PHWKRG IRUPXODWHG E\ &DUVODZ DQG -DHJHU IRU WKH
GHWHUPLQDWLRQRI WKHUPDOGLIIXVLYLW\DQG WKHUPDOFRQGXFWLYLW\RI URFNV 0LGGOHWRQ 7KHSUHVHQWPHWKRG LV
EDVHGRQWKHDSSOLFDWLRQRIDFRQVWDQWKHDWIOX[WRWKHWRSVXUIDFHRIURFNWKDWLVLQVXODWHGRQDOO RWKHUVXUIDFHV7KH
PHWKRGSURYLGHV HVWLPDWHVRI WKHUPDO FRQGXFWLYLW\ WKDW DUH FRQVLVWHQWZLWK HVWLPDWHVPDGHXVLQJ WKH VWHDG\ VWDWH
GLYLGHGEDUDSSDUDWXV7KHPHWKRGLVDSSOLHGWRGHWHUPLQHWKHWKHUPDOGLIIXVLYLW\RIDVXLWHRIURFNVIURPZHVWHUQ
$XVWUDOLDQVHGLPHQWDU\EDVLQV7KHHUURUHQWDLOHGLQWKHPHDVXUHPHQWRIWKHUPDOGLIIXVLYLW\ LVPDLQWDLQHGDWDERXW
SHUFHQWRUEHWWHU 7KH WUDQVLHQWPHDVXUHPHQWWHFKQLTXHWRGHWHUPLQHWKHWKHUPDOSURSHUWLHVRIGRSHGFOD\ $GHJRNH
HWDO7KH\ LQYHVWLJDWHGWKHYDULDWLRQRIWKHUPRSK\VLFDOSURSHUWLHVRIFOD\ZLWKDGVRUSWLRQRIVRPHKHDY\
PHWDO LRQV DW GLIIHUHQW FRQFHQWUDWLRQV 7KH WKHUPDO SURSHUWLHV RI JUDQXOLWHV D JURXS RI KLJK JUDGH PHWDPRUSKLF
URFNVDQGDVVRFLDWHG VRLOV DUHPHDVXUHG XVLQJ FRVWHIIHFWLYH WUDQVLHQWPHDVXUHPHQWPHWKRG 5DPDNULVKQDQHW DO
7KHHUURUYDOXHVDUHFRPSDUDEOHWRWKHHUURUVDVVRFLDWHGZLWKRWKHUSXEOLVKHGWHFKQLTXHV7KH\VXJJHVWHGWKDW
E\ YLUWXH RI LWV FRVW HIIHFWLYHQHVV WKH SURSRVHG WHFKQLTXH LV EHVW VXLWHG IRU DSSOLFDWLRQV LQYROYLQJ YDVW GDWDEDVH
JHQHUDWLRQ%\NQRZLQJPDVVUDWLRVRIFOD\DQG&D&O VSHFLILFKHDWRIEXUQWFOD\LPSUHJQDWHGZLWK&D&O KDVEHHQ
FDOFXODWHG JUDYLPHWULFDOO\ +LUHPDWKDQG.DGROL 
+DYLQJH[SORUHGWKHSRWHQWLDOLW\RIWUDQVLHQW PHDVXUHPHQWWHFKQLTXHWKHSUHVHQWVWXG\PDNHVDQDWWHPSWWRDGDSW
WKLVPHWKRGWRLQYHVWLJDWHWKHWKHUPDOGLIIXVLYLW\RIFOD\&D&O GHVLFFDQWPDWHULDO$QH[SHULPHQWDODUUDQJHPHQWLV
VHW WR PHDVXUH WKH WKHUPDO GLIIXVLYLW\ RI SUHSDUHG VDPSOHV ([SHULPHQWV FRQGXFWHG RQ GLIIHUHQW FOD\ VDPSOHV
LQGLFDWHWKDWWKHUHVXOWVDUHUHSURGXFLEOH)XUWKHUDQDWWHPSWLVDOVRPDGHWRUHODWHWKHYDULDWLRQLQWKHUPDOSURSHUWLHV
RIFOD\&D&O PDWHULDOZLWKDGGLWLRQRIVDZGXVWDQGKRUVHGXQJDGGLWLYHV
 0DWHULDOV DQG 0HWKRGV
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7KHZRUNFDUULHGRXW LVEHLQJJURXSHG LQWRHVWLPDWLRQRI WKHUPDOGLIIXVLYLW\ ȡ VSHFLILFKHDW FDQG WKHUPDO
FRQGXFWLYLW\.RIFOD\DQGFOD\&D&O GHVLFFDQWPDWHULDO7KHWKUHHTXDQWLWLHVDUHUHODWHGE\ (T 
. FU D 
7KHWKHUPDOGLIIXVLYLW\LVWKHDELOLW\RIWKHPDWHULDOWRFRQGXFWKHDWDVFRPSDUHGWRWKHDELOLW\RIWKHPDWHULDOWR
VWRUHKHDW 7KHSURSRVHGPHWKRGIRUWKHHVWLPDWLRQRIWKHUPDOGLIIXVLYLW\LVEDVHGRQUDSLGWUDQVLHQWPHDVXUHPHQW
WHFKQLTXH7KLVPHWKRGLVDGRSWHG 0LGGOHWRQ  IRUWKHHVWLPDWLRQRIWKHUPDOGLIIXVLYLW\RIURFNVDPSOHV7KH
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:KHUH D LV WKHUPDO GLIIXVLYLW\ . LV WKHUPDO FRQGXFWLYLW\ DQG D LV WKH WKLFNQHVV RI FOD\ VDPSOH ,I









)RU WLPHV ODUJH UHODWLYH WR  D
DS WKH WUDQVLHQW WHUPV DUH QHJOLJLEOH DQG WKH WHPSHUDWXUH YHUVXV WLPH EHKDYLRXU








HTXDWLRQ  (T  GHSLFWV WKH OLQHDU QDWXUH RI DQDO\WLFDO VROXWLRQ %\ QHJOHFWLQJ WKH WUDQVLHQW WHUPV WKH OLQHDU
EHKDYLRXU RIWKHVROXWLRQLVREWDLQHG
 ([SHULPHQWDOVHWXSDQGSURFHGXUH
7KH H[SHULPHQWDO VHW XS IRU WKH PHDVXUHPHQW RI WKHUPDO GLIIXVLYLW\ LV VKRZQ RQ )LJ  ,W FRPSULVHV RI WZR
ZRRGHQSODWHVDQGRIGLPHQVLRQVîPP DQGîPPVWDFNHGWRJHWKHUWRIRUPDFRPSDFWDLUWLJKW
ER[7KHXSSHUPRVWZRRGHQSODWHKDVDQHPEHGGHGKHDWLQJVRXUFHZKLFKFDQSURYLGHFRQVWDQWKHDWIOX[7KHORZHU
ER[KRXVHV WKHFOD\ VDPSOH7KH LQVXODWLRQDURXQG WKH VDPSOH LQ WKH ORZHUER[HQVXUHV WKHRQHGLPHQVLRQDOKHDW
WUDQVIHU 7KH ORZHU IDFH RI WKH VDPSOH LV PRGHUDWHO\ SROLVKHG WR HQVXUH SHUIHFW FRQWDFW ZLWK WKH FRSSHU IRLO RI
WKLFNQHVVPP7KHFRSSHUIRLOZKLFKLVDPXFKEHWWHUWKHUPDOFRQGXFWRUWKDQFOD\VDPSOHKHOSVWRLQVWDQWO\
GLVWULEXWHWKHEDVDOWHPSHUDWXUHDURXQGWKHWKHUPRFRXSOH
+HDWHUKROGHU +HDWLQJFRLOZLWKSRZHU VXSSO\+HDWIOX[ &OD\VDPSOH&RSSHUIRLO . 7\SHWKHUPRFRXSOH
6DPSOHKROGHU ZLWK JODVV ZRROLQVXODWLRQ'LJLWDO PLOOL YROWPHWHU &ROGMXQFWLRQ
)LJ 6FKHPDWLFRIH[SHULPHQWDOVHWXSIRUWKHPHDVXUHPHQWRIWKHUPDOGLIIXVLYLW\RIFOD\VDPSOHV
7KHFDOLEUDWHG.W\SHWKHUPRFRXSOHPHDVXUHVWKHWHPSHUDWXUHRQWKHERWWRPIDFHRIWKHVDPSOH 7KHSKRWRJUDSK
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PV DQG DJUHHV ZHOO ZLWK WUXH YDOXHV UHSRUWHG LQ 'DWD +DQGERRN 7KH H[SHULPHQW LV FDUULHG RXW E\ UDSLGO\
H[SRVLQJWKHWRSVXUIDFHRIFOD\VDPSOHWKDWLVLQVXODWHGRQDOORWKHUVXUIDFHVWRWKHKHDWVRXUFHDQGPHDVXULQJWKH
WHPSHUDWXUHDW WKHEDVHRIFOD\ VDPSOHDW DQ LQWHUYDORI V XS WR V DIWHU WKH LQWURGXFWLRQRIKHDW7KH IRXU
PLQXWHPHDVXUHPHQWGXUDWLRQ LV IRXQG WREHVXIILFLHQW WRREWDLQ OLQHDUEHKDYLRXU LQDSDOOHWRIPP WKLFN7KH
PHDVXUHG WHPSHUDWXUHV DUH UHGXFHG E\ VXEWUDFWLQJ WKH LQLWLDO DPELHQW WHPSHUDWXUH HIIHFWLYHO\ PDNLQJ WKH




WLPHXVLQJ (T 7KHUHVXOWRIWKHPHWKRGDSSOLHGWRWKH XQEXUQW FOD\ ZLWKVDZGXVWDQGEXUQWFOD\ZLWK
KRUVH GXQJDGGLWLRQ DUH VKRZQLQ)LJ  DDQGE
D  E
)LJ *UDSKRIWLPHYHUVXVWHPSHUDWXUH D&OD\VDZGXVWZLWKRXWKHDWLQJ E&OD\  KRUVHGXQJZLWKKHDWLQJ
7KHVSHFLILFKHDWVRIVDPSOHVDUHGHWHUPLQHGE\HQHUJ\EDODQFHEHWZHHQWKHFOD\VDPSOHVDQG ZDWHU)RU&D&O
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LPSUHJQDWHGVDPSOHVVSHFLILFKHDWLVFRPSXWHGE\XVLQJ (T +LUHPDWKDQG.DGROL











VHWVRIH[SHULPHQWVDUH UHSHDWHG IRUHYHU\JURXSRI VDPSOHVSUHSDUHG 7KHPHDQRI VXPRI VTXDUHVHUURU IRU WZR
WULDOV RIH[SHULPHQWV LV
 ([SHULPHQWDO UHVXOWV DQG GLVFXVVLRQ
7ZR WULDOVRIH[SHULPHQWVKDYHEHHQFRQGXFWHGRQEXUQWDQGXQEXUQW VDPSOHVZLWKDGGLWLYHV([SHULPHQWVDUH
FRQGXFWHG WRGHWHUPLQH WKH WKHUPRSK\VLFDO SURSHUWLHV IRU WKH IDEULFDWHG VDPSOHV LQ WHUPVRI WKHUPDOGLIIXVLYLW\




)LJXUHV  DQG  VKRZVWKHJUDSKLFDOUHSUHVHQWDWLRQ RI PHDVXUHGWKHUPRSK\VLFDOSURSHUWLHVIRUSXUHFOD\  VDZ
GXVWEXUQWFOD\  VDZGXVW DQGEXUQW FOD\  VDZGXVWZLWK LPSUHJQDWLRQRI&D&O7KHVDZGXVW LV DGGHG WR WKH
XQEXUQW EXUQW DQG EXUQW LPSUHJQDWHG VDPSOHV RU SHOOHWV LQ WKH SURSRUWLRQV RI    DQG  7KH
SURSHUWLHVDUHFDOFXODWHGIRUWKHVDPSOHVL]HRIPPGLDPHWHUDQGPPWKLFNQHVV
$VUHSUHVHQWHGLQ)LJ D DQGE WKHUPDOGLIIXVLYLW\HVWLPDWHGIRUWKHFOD\VDZGXVWVDPSOHZLWKRXWKHDWLQJ
GHFUHDVHVIURPî WRî PVIRUWKHVDPSOHFRPSRVLWLRQRIWRVDZGXVWDGGLWLYH 7KLVLVGXHWR
LQFUHDVHLQWKHUPDOLQHUWLDRIWKH VDPSOH PDWHULDO 7KHUPDOGLIIXVLYLW\HVWLPDWHGIRUWKHFOD\VDZGXVWVDPSOHZLWK
KHDWLQJLQFUHDVHVIURPî WRî PVIRUWKHVDPSOHFRPSRVLWLRQRIWRVDZGXVWDGGLWLYH 7KH
GHQVLW\RI WKHVDPSOHGHFUHDVHVIURPNJP WR NJP 7KLV LQFUHDVHV WKHSRURVLW\RI WKHSHOOHW :LWK
LPSUHJQDWLRQ WKH GHFUHDVHLQSRURVLW\ LQGLFDWHVWKHUHWHQWLRQRI&D&O VDOWLQWRWKHSRUHV RIEXUQWFOD\  VDZGXVW
SHOOHW
D E


















7KHUPDO GLIIXVLYLW\ &OD\  6DZ GXVW
:LWKRXW KHDWLQJ
:LWK KHDWLQJ
:LWK LPSUHJQDWLRQ RI &D&O
     















'HQVLW\ &OD\  6DZ GXVW
:LWKRXW KHDWLQJ
:LWK KHDWLQJ
:LWK LPSUHJQDWLRQ RI &D&O
)LJ*UDSKLFDOUHSUHVHQWDWLRQRIYDULDWLRQRI D7KHUPDOGLIIXVLYLW\DQG E'HQVLW\ IRU FOD\VDZGXVWVDPSOHVZLWKDQGZLWKRXWLPSUHJQDWLRQ
RI&D&O
$VUHSUHVHQWHGLQ)LJ D DQGEWKHDELOLW\RIWKHPDWHULDOWR FRQGXFWKHDWGHFUHDVHVIURP  WR  :P.
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ZKHUHDVWKHDELOLW\RIWKHPDWHULDO WRVWRUHWKHUPDOHQHUJ\ YDULHV IURP  WR  -NJ.IRUWKHVDPHVDPSOH
FRPSRVLWLRQRIWRVDZGXVWDGGLWLYH :LWKKHDWLQJWKH DELOLW\RIWKH PDWHULDOWR FRQGXFWKHDWLQFUHDVHVIURP
 WR:P.ZKHUHDVDELOLW\RIWKHPDWHULDOWRVWRUHWKHUPDOHQHUJ\ LQFUHDVHV IURP  WR  -NJ.
IRUWKHVDPHVDPSOHFRPSRVLWLRQRIWRVDZGXVW DGGLWLYH 7KHDELOLW\RIWKHPDWHULDOWR FRQGXFWKHDWGHFUHDVHV
IURP WR  :P. DQGWKHDELOLW\WR VWRUHWKHUPDOHQHUJ\LQFUHDVHVIURP WR  -NJ.IRUWKH
VDPHVDPSOHFRPSRVLWLRQRIWR VDZGXVWDGGLWLYH DQGZLWKLPSUHJQDWLRQRI&D&O
D E
     


















6SHFLILF KHDW &OD\  6DZ GXVW
:LWKRXW KHDWLQJ
:LWK KHDWLQJ
:LWK LSPUHJQDWLRQ RI &D&O
     




















7KHUPDO FRQGXFWLYLW\ &OD\  6DZ GXVW
:LWKRXW KHDWLQJ
:LWK KHDWLQJ
:LWK LPSUHJQDWLRQ RI &D&O
)LJ *UDSKLFDOUHSUHVHQWDWLRQRIYDULDWLRQRI D 6SHFLILFKHDWDQG E 7KHUPDOFRQGXFWLYLW\IRUFOD\  VDZGXVWVDPSOHVZLWKDQGZLWKRXW
LPSUHJQDWLRQRI&D&O
 5HVXOWVIRUSXUHFOD\ZLWK KRUVHGXQJDGGLWLYHDQGZLWKLPSUHJQDWLRQRI&D&O
)LJXUHV  DQG  VKRZV WKH JUDSKLFDO UHSUHVHQWDWLRQ RI PHDVXUHG WKHUPR SK\VLFDO SURSHUWLHV IRU SXUH FOD\ 
KRUVHGXQJEXUQWFOD\  KRUVHGXQJDQGEXUQWFOD\  KRUVHGXQJZLWK LPSUHJQDWLRQRI&D&O7KH KRUVHGXQJ LV
DGGHGWRWKHXQEXUQWEXUQWDQGEXUQWLPSUHJQDWHGVDPSOHVRUSHOOHWVLQWKHSURSRUWLRQVRIDQG
7KHSURSHUWLHVDUHFDOFXODWHGIRUWKHVDPSOHVL]HRIPPGLDPHWHUDQGPPWKLFNQHVV
$V UHSUHVHQWHG LQ )LJ D DQG E WKHUPDO GLIIXVLYLW\ HVWLPDWHG IRU WKH FOD\KRUVH GXQJ VDPSOH ZLWKRXW
KHDWLQJGHFUHDVHVIURPî WRî PV IRU WKHVDPSOHFRPSRVLWLRQRI WRKRUVHGXQJDGGLWLYH
7KHUPDOGLIIXVLYLW\HVWLPDWHGIRUWKH FOD\VDZGXVWVDPSOHZLWKKHDWLQJLQFUHDVHVIURPî WR îPV
IRU WKHVDPSOHFRPSRVLWLRQRI  WR 7KHUPDOGLIIXVLYLW\HVWLPDWHGIRU WKHEXUQWFOD\  VDZGXVWVDPSOHZLWK
LPSUHJQDWLRQ RI &D&O GHFUHDVHV IURP î WR îPV :LWK LPSUHJQDWLRQ RI &D&O WKH SRURVLW\
GHFUHDVHVDQGLW LQGLFDWHVWKHUHWHQWLRQRI&D&O VDOWLQWRWKHSRUHVRIEXUQWFOD\KRUVHGXQJSHOOHW
D E
     
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)LJ *UDSKLFDOUHSUHVHQWDWLRQRIYDULDWLRQ RI D7KHUPDOGLIIXVLYLW\DQG E'HQVLW\IRUFOD\  KRUVHGXQJVDPSOHVZLWKDQGZLWKRXW
LPSUHJQDWLRQRI&D&O
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$VUHSUHVHQWHGLQ)LJ DDQGEZLWKRXWKHDWLQJ DELOLW\RIWKHPDWHULDOWRFRQGXFWKHDWGHFUHDVHVIURPWR
:P.ZKHUHDV WKH DELOLW\RI WKHPDWHULDO WRVWRUH WKHUPDOHQHUJ\YDULHV IURP  WR  -NJ. IRU WKH
VDPHVDPSOHFRPSRVLWLRQRI WRKRUVHGXQJDGGLWLYH :LWKKHDWLQJ WKH DELOLW\RIWKHPDWHULDO WR FRQGXFW
KHDWLQFUHDVHVIURPWR :P. ZKHUHDVWKHDELOLW\RIWKHPDWHULDOWRVWRUHWKHUPDOHQHUJ\YDULHVIURP 
WR  -NJ. IRUWKHVDPHVDPSOHFRPSRVLWLRQRIWR KRUVH GXQJDGGLWLYH :LWKLPSUHJQDWLRQRI&D&O WKH
DELOLW\RIWKHPDWHULDO WR FRQGXFWKHDWGHFUHDVHVIURPWR :P. ZKHUHDVWKHDELOLW\RIWKHPDWHULDO WR
VWRUH WKHUPDOHQHUJ\ LQFUHDVHV  IURP  WR  -NJ. IRU WKHVDPHVDPSOHFRPSRVLWLRQRI WRKRUVH
GXQJDGGLWLYH
D E
     


















6SHFLILF KHDW &OD\  +RUVH GXQJ
:LWKRXW KHDWLQJ
:LWK KHDWLQJ
:LWK LPSUHJQDWLRQ RI &D&O
     


















7KHUPDO FRQGXFWLYLW\ &OD\  KRUVH GXQJ
:LWKRXW KHDWLQJ
:LWK KHDWLQJ
:LWK LPSUHJQDWLRQ RI &D&O
)LJ *UDSKLFDOUHSUHVHQWDWLRQRIYDULDWLRQRI D6SHFLILFKHDWDQG E7KHUPDOFRQGXFWLYLW\IRUFOD\  KRUVHGXQJVDPSOHVZLWKDQGZLWKRXW
LPSUHJQDWLRQRI&D&O
 5HVXOWV IRUSXUHFOD\ZLWKKRUVHGXQJVDZGXVWDGGLWLYHDQGZLWKLPSUHJQDWLRQRI&D&O
)LJXUHV  DQG  VKRZVWKHJUDSKLFDOUHSUHVHQWDWLRQPHDVXUHGWKHUPRSK\VLFDOSURSHUWLHVIRUSXUHFOD\  KRUVH




$VUHSUHVHQWHG LQ)LJ DDQGE WKHUPDOGLIIXVLYLW\HVWLPDWHGIRU WKH FOD\  KRUVHGXQJ  VDZGXVWVDPSOH
ZLWKRXW KHDWLQJ GHFUHDVHV IURP î WR î PV IRU WKH VDPSOH FRPSRVLWLRQ RI  WR  7KHUPDO
GLIIXVLYLW\HVWLPDWHGIRUWKH FOD\  KRUVHGXQJ  VDZGXVWVDPSOHZLWKKHDWLQJLQFUHDVHV IURPî WR î
 PV IRUWKHVDPSOHFRPSRVLWLRQRIWR 7KHUPDOGLIIXVLYLW\HVWLPDWHGIRUWKH EXUQWFOD\  KRUVHGXQJ  VDZ
GXVW VDPSOH ZLWK LPSUHJQDWLRQ RI &D&O GHFUHDVHV IURP î WR îPV 7KLV LV GXH WR YDULDWLRQ LQ
WKHUPDOLQHUWLDRIWKHVDPSOHPDWHULDO :LWKKHDWLQJGHQVLW\ GHFUHDVHV IURPWRNJP ZKLFK LQGLFDWHV
LQFUHDVH LQ SRURVLW\RIEXUQWFOD\ KRUVHGXQJSHOOHW :LWKLPSUHJQDWLRQRI&D&O WKH GHQVLW\GHFUHDVHVIURP
WRNJP 7KH GHFUHDVHLQGHQVLW\LQGLFDWHVWKHUHWHQWLRQRI&D&O VDOWLQWRWKHSRUHVRIEXUQWFOD\SHOOHW
$VUHSUHVHQWHGLQ)LJ DDQGE ZLWKRXWKHDWLQJ WKH DELOLW\RIWKHPDWHULDOWR FRQGXFWKHDWGHFUHDVHVIURP
WR :P. ZKHUHDVWKHDELOLW\RIWKHPDWHULDOWRVWRUHWKHUPDOHQHUJ\ LQFUHDVHV IURP  WR  -NJ .
IRU WKHVDPHVDPSOHFRPSRVLWLRQRI  WR KRUVHGXQJVDZGXVW DGGLWLYHV :LWKKHDWLQJ WKHDELOLW\RI WKH
PDWHULDO WR FRQGXFWKHDW LQFUHDVHVIURP WR :P. ZKHUHDV WKHDELOLW\RI WKHPDWHULDO WRVWRUH WKHUPDO
HQHUJ\ LQFUHDVHV IURP  WR  -NJ. IRUWKHVDPHVDPSOHFRPSRVLWLRQRIWRKRUVHGXQJ  VDZGXVW
DGGLWLYHV :LWKLPSUHJQDWLRQRI&D&O WKHDELOLW\RIWKHPDWHULDOWR FRQGXFWKHDWGHFUHDVHVIURPWR :P
. ZKHUHDV WKHDELOLW\RI WKHPDWHULDO WR VWRUH WKHUPDOHQHUJ\ LQFUHDVHV IURP  WR  -NJ. IRU WKH VDPH
VDPSOHFRPSRVLWLRQRIWR KRUVHGXQJ  VDZGXVWDGGLWLYHV
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7KHUPDO GLIIXVLYLW\ &DO\+RUVH GXQJ6DZ GXVW
:LWKRXW KHDWLQJ
:LWK KHDWLQJ
:LWK LPSUHJQDWLRQ RI &D&O
   














'HQVLW\  &OD\+RUVH GXQJVDZ GXVW
:LWKRXW KHDWLQJ
:LWK KHDWLQJ
:LWK LPSUHJQDWLRQ RI &D&O
)LJ *UDSKLFDOUHSUHVHQWDWLRQRIYDULDWLRQRI D7KHUPDOGLIIXVLYLW\DQG E 'HQVLW\ RI FOD\  KRUVHGXQJ  VDZ GXVWVDPSOHVZLWKDQG
ZLWKRXWLPSUHJQDWLRQRI&D&O
D E
   

















6SHFLILF KHDW  &OD\  +RUVH GXQJ  6DZ GXVW
:LWKRXW KHDWLQJ
:LWK KHDWLQJ
ZLWK LPSUHJQDWLRQ RI &D&O
   



















7KHUPDO FRQGXFWLYLW\  &OD\  +RUVH GXQJ  6DZ GXVW
:LWKRXW KHDWLQJ
:LWK KHDWLQJ
:LWK LPSUHJQDWLRQ RI &D&O




QDWXUDOO\DYDLODEOHWUDQVSRUWHG FOD\ 7KH PRXOGHG EXUQW FOD\ FDQEHXVHGDV OLTXLGGHVLFFDQW FDUULHU7KHSURSHUWLHV
HVWLPDWHGVHUYHVDVGDWDEDVHRQWKHUPDOSURSHUWLHVRIFOD\LQUHVLGHQWLDOEXLOGLQJFRQVWUXFWLRQDQGSRWPDNLQJ7KH
SURSHUWLHVPHDVXUHGVHUYHVDVLQSXWSDUDPHWHUVLQKHDWDQGPDVVWUDQVIHUQXPHULFDO PRGHOOLQJ RIGHVLFFDQWEHGV
x ([SORUHG WKH SRVVLELOLW\ RI VLPSOH FRVW HIIHFWLYHPHWKRG IRU WKHPHDVXUHPHQW RI WKHUPDO SURSHUWLHV RI FOD\ 
DGGLWLYHV  &D&O SHOOHWV $ GDWD EDVH RI WKHUPDO SURSHUWLHV FDQ EH JHQHUDWHG 7KHVH SURSHUWLHV VHUYH DV LQSXW
SDUDPHWHUVIRUKHDWDQGPDVVWUDQVIHU PRGHOOLQJ RIGHVLFFDQWEHGVDQGRWKHUFOD\PDWHULDOUHODWHGDSSOLFDWLRQV
x 7KH DGGLWLRQ RI VDZ GXVW DQG KRUVH GXQJ LQFUHDVHG WKH SRURVLW\ RI EXUQW VDPSOHV IURP  WR  &D&O
LPSUHJQDWLRQUHGXFHVWKH SRURVLW\IURP WRZKLFKLQGLFDWHVWKHUHWHQWLRQRI&D&O VDOWLQWRWKHSRUHV
x 7KHDGGLWLRQRIVDZGXVWDQGKRUVHGXQJLQFUHDVHGWKHWKHUPDOFRQGXFWLYLW\RIEXUQWVDPSOHVIURP :P.
WR:P.&D&O LPSUHJQDWLRQUHGXFHVWKHWKHUPDOFRQGXFWLYLW\IURP:P.WR:P.
197 C.R. Hiremath et al. /  Procedia Materials Science  5 ( 2014 )  188 – 197 
x 7KHKHDWFDSDFLW\LQFUHDVHGIURP-NJ.WR-NJ.IRUEXUQWFOD\ ZLWKDGGLWLYHV:LWKLPSUHJQDWLRQRI
&D&O KHDWFDSDFLW\LQFUHDVHGIURP-NJ.WR-NJ.
x 6LPXOWDQHRXVXVHRIVDZGXVW DQG KRUVHGXQJ DVWKHUPDOELQGHUV DQG&D&O OLTXLGGHVLFFDQW ZLWK FOD\DOORZVXV
WRSURGXFHFOD\ DGGLWLYHV ± &D&O FRPSRVLWH GHVLFFDQWIRUZDWHU YDSRXU DGVRUSWLRQ
$FNQRZOHGJHPHQWV
7KH DXWKRUVDFNQRZOHGJHWKHVXSSRUWRIWKHUHVHDUFKLQVWLWXWH93 'U 3 *+DODNWWL&ROOHJHRIHQJLQHHULQJ
DQG WHFKQRORJ\%LMDSXU.DUQDWDNDVWDWH ,QGLD7KHDXWKRUV WKDQN WKH ORFDOSRWPDNHURI %LMDSXUIRU SURYLGLQJWKH
FOD\ PDWHULDO DQG KRUVHGXQJ HPSOR\HGKHUH
5HIHUHQFHV
$IWDE  $ $O+DGKUDPL /0  7KHUPDOSHUIRUPDQFHDQGHFRQRPLFDVVHVVPHQWRIPDVRQDU\EULFNV7KHUPDOVFLHQFH 
%LORH6*RHW]90DXUDQ6&KDUDFWHULVDWLRQRIDGVRUEHQWFRPSRVLWHEORFNVIRUPHWKDQHVWRUDJH &DUERQ




+LUHPDWK& 5 .DGROL5([SHULPHQWDOVWXGLHVRQKHDWDQGPDVVWUDQVIHULQDSDFNHGEHGRIEXUQWFOD\LPSUHJQDWHGZLWK&D&O OLTXLG
GHVLFFDQWDQGH[SORULQJWKHXVH RIJDVVLGHUHVLVWDQFHPRGHO $SSOLHGWKHUPDO(QJLQHHULQJ 
-DPHV$ $ %DEDWXQGH2$GHNXQFOH2OXZDWR\LQ 9DULDWLRQRI7KHUPRSK\VLFDO3URSHUWLHVRI&OD\ZLWK$GVRUSWLRQ2SWLPLVDWLRQ
7KH3DFLILFMRXUQDORI6FLHQFHDQG7HFKQRORJ\




/XDL0$O+DGKUDPL  $KPHG$ $VVHVVPHQW RI WKHUPDO SHUIRUPDQFH RI GLIIHUHQW W\SHV RIPDVRQU\ EULFNV XVHG LQ 6DXGL$UDELD
$SSOLHGWKHUPDO(QJLQHHULQJ
0LGGOHWRQ0 )$WUDQVLHQWPHWKRGRIPHDVXULQJWKHUPDOSURSHUWLHVRIURFNV *HRSK\VLFV 




2\HNDQ* / .DPL\R 2 0  (IIHFW RI JUDQLWH ILQHV RQ WKH 6WUXFWXUDO DQG K\JURWKHUPDO SURSHUWLHV RI VDQGFUHWH EORFNV -RXUQDO RI
HQJLQHHULQJDQGDSSOLHGVFLHQFH
5DPDNULVKQDQ ' 5LVKLNHVK%KDUWL1LWK\D 0 .XVXPD.1 6LQJK .' 0HDVXUHPHQWRI WKHUPDOSURSHUWLHVRIVHOHFW LQWDFWDQG
ZHDWKHUHG JUDQXOLWLHVDQGWKHLUUHODWLRQVKLSWRURFNSURSHUWLHV *HRSK\VLFV  
